r Light at night is essential to a 24/7 society, but it has negative consequences on health. Basically, light at night induces an alteration of our biological clocks, known as chronodisruption, with effects even when this occurs during pregnancy.
Introduction
Exposure to light at night alters the internal temporal order of physiological processes linked to the external photoperiod; this is known as chronodisruption (Erren & Reiter, 2009 ). The normal order of physiological processes results from a fine coordination of the circadian biological clocks located in every tissue of the body with the master circadian clock residing in the suprachiasmatic nucleus of the hypothalamus (SCN). As a result, overt circadian rhythms like thermoregulation, sleep, melatonin/ ACTH/corticosteroid secretion, metabolic status, feeding, etc., are normally distributed throughout the 24 h period (Seron-Ferre et al. 2007; Dibner et al. 2010; Kalsbeek et al. 2011) . A common cause of chronodisruption is shift work, which is associated with a number of metabolic disturbances (metabolic syndrome, obesity and diabetes) and lower plasma melatonin levels during night work and daytime sleep compared to that of daytime workers (Haim & Zubidat, 2015) . Supporting the negative effects of chronodisruption in human pregnancy, an increased risk of miscarriage, preterm delivery and low birth weight have been reported in shift-working women (Knutsson, 2003; Zhu et al. 2004; Croteau et al. 2006; Abeysena et al. 2009 ). Experimental evidence shows that maternal chronodisruption is translated to the offspring, inducing widespread negative consequences in the adult offspring's health, including heart hypertrophy, decreased glucose tolerance, decreased spatial memory, and increased blood pressure and heart rate variability (Varcoe et al. 2011; Ferreira et al. 2012; Galdames et al. 2014; Vilches et al. 2014; Mendez et al. 2016) . In addition, animals gestated in chronodisruptive conditions but raised in a normal photoperiod immediately after birth have been shown to have altered glucocorticoid circadian rhythms and a lack of nocturnal increases in melatonin. Of note, the clockwork machinery in the SCN and the rhythms directly controlled by the SCN (i.e. temperature, locomotor activity and heart rate) have not been shown to be affected by gestational chronodisruption (Mendez et al. 2016) .
Despite increasing studies of the impact of chronodisruption in multiple physiological processes and in the onset of non-communicable diseases, the mechanisms by which chronodisruption contributes to an increased incidence of modern life diseases remain unclear. Past studies by our group show that gestational chronodisruption has wide physiological effects on offspring, yet we have found no evidence of effects on the rhythms directly controlled by the SCN (Mendez et al. 2016) . As such, it is possible that the mechanisms involved in the programming of deleterious physiological effects may reside in peripheral clocks. In this context, the adrenal gland, given its key role in stress responses and long-term adaptation, could be affected by a chronically altered photoperiod (Waddell et al. 2010; Ren et al. 2012; Oyola & Handa, 2017) . During fetal and adult life, the adrenal gland is an important peripheral circadian oscillator (Kalsbeek et al. 2006; Torres-Farfan et al. 2011; Leliavski et al. 2015; Oster et al. 2016; Seron-Ferre et al. 2016) . Specifically, via the circadian secretion of glucocorticoids, it synchronizes other peripheral organs, thus contributing to the internal temporal order (Bass & Takahashi, 2010; Kadmiel & Cidlowski, 2013) .
Consequently, we hypothesize that gestational chronodisruption, induced by maternal exposure to shift photoperiod, leads to long-term effects in fetal and adult adrenal clock and function. Building on our previous findings (Mendez et al. 2012 (Mendez et al. , 2016 Vilches et al. 2014 ), here we carried out a longitudinal study to explore the molecular, morphological, endocrine and behavioural impacts of gestational chronodisruption on adrenal biorhythm and function. Our ultimate aim was to determine the link between chronic diseases and gestational chronodisruption, stress adaptation and adrenal function.
Methods

Animals
Animal handling and care was performed following the Guide for the Care and Use of Laboratory Animals of the Institute for Laboratory Animal Research of the National Research Council (US). The protocols were approved by the Bioethics Commission from the Universidad Austral de Chile (CBA no. 1120938 and ACT-1116) . We confirm that the current experiments follow the principles and regulations as described by Grundy (2015) and agree with those proposed by Dickinson and collaborators in using the rat as a model for developmental origins of health and disease (DOHaD) studies (Dickinson et al. 2016) .
The animals were maintained in a 12 h:12 h light/dark cycle (light on at 07.00 h; about 400 lux at the head level), with controlled temperature (18-20°C), and were given food and water ad libitum. Sprague-Dawley rats (obtained from Charles River Laboratories International Inc., Kingston, NY, USA) were mated and raised in our animal facility. Timed-pregnant females were used in the study; the day on which spermatozoa were observed in the vaginal smear was considered as embryonic day 0 and the pregnant females were randomly allocated to one of the two photoperiod groups as follows.
(1) Light/dark (LD) control photoperiod, consisting of 12 h:12 h light/dark cycle (lights on at 07.00 h); n = 69 pregnant females. (2) Chronic photoperiod shift (CPS), in which, briefly, every 3-4 days, pregnant females (n = 68 pregnant females) were exposed to lighting schedule manipulation, reversing completely the photoperiod. The first photoperiod reversal occurred on the night between day 0 and 1 of gestation, so that rather than lights going off at 19.00 h they remained on until 07.00 h of day 1 at which time the light was turned off (24 h of continuous light). At 18 days of gestation, the mothers returned to a normal 24 h photoperiod (12 h light, 12 h dark, lights on at 07.00 h) and continued in this photoperiod thereafter (see Fig. 1 in Mendez et al. 2016) .
Exposure of pregnant females to CPS had no impact on daily food consumption (monitored every week) through pregnancy (LD: 22.8 ± 0.5 g/day, n = 21 vs. CPS: 23.4 ± 0.9, n = 21), maternal weight at the end of gestation (LD: 430.7 ± 8.4 g, n = 21 vs. CPS: 432.9 ± 10.7, n = 21) or maternal weight gain at the end of gestation (LD: 130.5 ± 4.1 g, n = 21 vs. CPS: 126.7 ± 6.7 g, n = 21) as reported previously (Mendez et al. 2016) . Three cohorts of animals were used as follows.
Cohort 1: effect of chronic photoperiod shift on adult adrenal function. Offspring from each experimental group were maintained in standard conditions, i.e. 12 h:12 h photoperiod (lights on at 07.00 h). Pups were weaned at 21 days old with the males being raised in standard conditions, 12 h:12 h photoperiod with lights on at 07.00 h, to be studied at 90 days of age. These males were housed in pairs (brothers together in standard 48 cm × 27 cm × 20 cm cages) with controlled temperature (18-20°C) and food and water given ad libitum. The studies described below were performed in offspring from different mothers in order to avoid litter effects.
Individual daily plasma rhythms of corticosterone and adrenocorticotropic hormone (ACTH). Six males from each pregnancy condition (males from six LD mothers and six CPS mothers, respectively) were deeply anaesthetized (isoflurane 2.0-3.0%) for about 10 min and blood samples were collected from the tail (200 μl) every 4 h around the clock. Immediately, the serum was separated and stored at −20°C to perform measurements, and the animals returned to their room until the next sample.
AM-PM ACTH-stimulated adrenal corticosterone production in vitro. To evaluate the effects of gestational chronodisruption on adrenal responsiveness to ACTH we followed a protocol similar to that previously described by us (Richter et al. 2008) . Male offspring from each experimental group (from 10 LD mothers and from 6 CPS mothers) were killed at 08.00 h (n = 6 LD and n = 6 CPS) and 20.00 h (n = 6 LD and n = 6 CPS). Briefly, rats were deeply anaesthetized (isoflurane, 2.0-3.0%), a mid-line incision was performed and an overdose of euthanasia solution T61 (0.6-1.0 ml/kg body weight; Merck Animal Health, Intervet Canada Corp., Kirkland, Quebec, Canada) was injected into the cava vein. The adrenal glands were dissected and separately immersed in 15 ml of ice-cold sterile physiological serum and transferred to the tissue culture facility for further dissection. Each rat adrenal gland was cut in four roughly equivalent pieces (quarters), containing the adrenal cortex and medulla, which were suspended in culture medium (Dulbecco's modified Eagle's medium (DMEM)/F12, 0.1% bovine serum albumin (BSA); Life Technologies, Inc., Grand Island, NY, USA). Each quarter (about 5 mg of tissue) was pre-incubated in 1 ml of culture medium for 6 h before any further treatment. Next, the eight adrenal quarters rendered from each rat were subjected to a full set of treatments applied over the course of 6 h (incubation volume: 0.5 ml) as follows: two quarters basal (0 ACTH), two quarters 10 nM ACTH, and two quarters 100 nM ACTH. The responsiveness to ACTH was evaluated at two clock times, since adrenal responsiveness to ACTH presents clock time dependence in control animals (Richter et al. 2008) . The adrenal quarters collected at 08.00 h were pre-incubated for 6 h and then treated for 6 h with increasing doses of ACTH during the J Physiol 596.23 afternoon-early night-time interval (15.00-21.00 h; PM). Those adrenals collected at 20.00 h were pre-incubated for 6 h and then treated for 6 h with increasing doses of ACTH during the ensuing late night-morning time interval (03.00-09.00 h; AM). Working solutions were prepared by dilutions in DMEM/F12, and fresh dilutions of ACTH (Synacthen depot; Novartis Laboratories, Basel, Switzerland) in DMEM/F12 were prepared for every experiment. At the end of each experiment, adrenal explants were weighed and the incubation medium was separated and stored at −20°C until corticosterone measurements were performed.
Behavioural tests. Male offspring from each experimental group (from 13 LD mothers and from 13 CPS mothers) were submitted to behavioural tests at 90 days of age. The animals were moved to a separate room 30 min before the test. The tests were done at two different clock times; AM (between 10.00 and 11.00 h) and PM (between 17.00 and 18.00 h). The animals were continually observed in their cages to identify signs of significant pain or discomfort such as porphyrin around the eyes/nose, poor grooming and increased faeces release. The ANY-maze software (Version 4.3; Stoelting Co., Wood Dale, IL, USA) was used to track and record the animals' behaviour. The animals used in these tests were returned to the colony immediately after ending the behavioural experiment and were later used by other researchers.
(a) Morris water maze test (n = 10 LD; n = 10 CPS). This is a method used to assess spatial or place learning (Vorhees & Williams, 2006) . A stainless-steel circular tank (diameter, 180 cm; height, 60 cm) with non-reflective interior surfaces was used. The goal (platform) was an acrylic transparent circular cylinder 10 cm in diameter and 30 cm in height submerged 2 cm below the surface. The water in the tank and room were maintained at 22-24°C. The maze was placed in a room with three surrounding visual cues (black geometrical figures against white backgrounds). This test was repeated daily on five consecutive days at two clock times (n = 5 animals per pregnancy condition, per clock time), and the time spent reaching the target was measured and plotted as latency time. (b) Open field test (n = 16 LD; n = 16 CPS). This test consisted of placing individual rats in a black circular arena 180 cm in diameter and 60 cm in height. Animals were placed in the centre of the arena and their behaviour was monitored for 10 min. The tests were performed at two clock times (n = 8 animals per pregnancy condition and per clock time). Total time of movement was recorded automatically. Total time of rearing (vertical activity) and total time spent grooming were recorded.
(c) Elevated plus maze test (n = 16 LD; n = 16 CPS). The plus maze was made of black acrylic and had two open arms (50 cm × 10 cm) perpendicular to two closed arms (50 cm × 10 cm × 40 cm), elevated 50 cm from the floor (Walf & Frye, 2007) . A 3 mm wood rim surrounded the open arms. The test length was 5 min long and began when the animal was placed at the centre of the plus maze facing the closed arm.
The tests were performed at two clock times (n = 8 animals per pregnancy condition and per clock time). The total time spent in the open arm was measured.
Clock gene expression in adrenal gland at 90 days of age. Male offspring from each experimental group (from 9 LD mothers and 12 CPS mothers, respectively) were killed in batches every 4 h around the clock (about 4 or 5 individuals per batch: LD n = 28 males, n = 3 at 04.00 h; CPS n = 26 males, n = 6 at 08.00 h), starting at 08.00 h and ending at 04.00 h. To avoid litter effects each batch contained animals from different mothers, thus no siblings were used in the same clock time batch. Briefly, male rats were deeply anaesthetized (isoflurane, 2.0-3.0%) and killed immediately afterwards with an overdose of T61 (I.V., 0.6-1.0 ml/kg body weight; Merck Animal Health). Adrenal glands were collected, weighed and stored in RNAlater (Ambion Inc., Austin, TX, USA) until RNA extraction.
Global DNA methylation of the adrenal glands at 90 days of age. Male offspring from each experimental group (from 5 LD mothers and 5 CPS mothers, respectively) were killed (as described above) during the AM period (10.00 h, LD n = 4 and CPS n = 5) and PM period (22.00 h, LD n = 5 and CPS n = 5) and the adrenal glands were collected. Genomic DNA from each rat adrenal (ß20 mg of tissue) was isolated by ethanol precipitation. DNA was quantified using the fluorometric Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). DNA methylation (5-methylcytosine) levels were determined using the colorimetric MethylFlash Methylated DNA Quantification Kit (Epigentek, Farmingdale, NY, USA), according to the manufacturer's instructions. Assays were conducted in duplicates using 100 ng of genomic DNA per sample. Absorption at 450 nm was used and the amount (ng) of 5-methylcytosine was calculated using the formula described by the manufacturer.
Cohort 2: effect of chronic shift photoperiod on the fetal adrenal transcriptome. Pregnant dams (n = 6 LD; n = 6 CPS) from each experimental group were killed at 08.00 h on gestational day 19. All fetuses, males and females, were weighed and their adrenals were immediately dissected for RNA isolation; adrenals were pooled from each litter. Thus, any given pool consisted of eight fetal adrenals coming from one litter (n = 6 pools for each experimental group).
Afterwards, microarray analysis was carried out as we have previously described Spichiger et al. 2015) .
Cohort 3: effect of chronic shift photoperiod on fetal adrenal circadian function. Male and female fetal adrenal glands were obtained from our tissue bank. Briefly, at 18 days of gestation, dams from each pregnancy condition (LD and CPS) were killed every 4 h around the clock (n = 5 per clock time; LD, n = 30 mothers; CPS, n = 29 mothers; n = 4 at 12.00 h), starting at 08:00 h on day 18 and ending at 08.00 h on day 19 of gestation. Pregnant rats were deeply anaesthetized (isoflurane, 3.0-4.0%; Baxter Laboratories, Melbourne, Australia), a mid-line incision was made and a blood sample was collected from the vena cava. This was followed by an overdose of sodium thiopental (I.V., 150 mg/kg; Vetpharma, Barcelona, Spain) and the fetuses were delivered by hysterectomy (described in Mendez et al. 2016) . In order to minimize the number of animals, we did not determine the sex of the fetuses so pools contained both male and females fetuses. Thus, the fetal adrenal gland pools were analysed as follows.
Temporal changes in fetal adrenal corticosterone and aldosterone content. At each clock time, six adrenal glands from fetuses of the same litter were pooled and kept at −20°C (n = 5 per clock time; LD, n = 30 mothers; CPS, n = 29 mothers; n = 4 at 12.00 h). Corticosterone content and aldosterone content were measured using the protocol described by Wotus et al. (1998) . Briefly, fetal adrenals were homogenized with 20% ethanol in PBS and then centrifuged at 1200 g at −4°C for 5 min. Then, the supernatants were collected for corticosterone and aldosterone analysis.
Temporal changes in gene expression in fetal adrenals. Approximately eight adrenal glands from fetuses of the same litter were pooled and kept at −20°C (n = 5 per clock time; LD, n = 30 mothers; CPS, n = 29 mothers; n = 4 at 12.00 h). The tissues were subjected to RNA extraction in lysis buffer (SV Total RNA Isolation System; Promega, Madison, WI, USA).
Analyses
Hormone measurements. The daily ACTH and corticosterone plasma rhythms of 90-day-old rats were measured using a MILLIPLEX MAP Rat Stress Hormone Panel (cat. no. RSH69K; Merck Millipore, Billerica, MA, USA). Samples were centrifuged at 13,000 g for 5 min prior to analysis. The assay was performed according to the manufacturer's instructions. Plates were read using a MAGPIX plate reader and analysed using xPONENT Software (Merck Millipore). The inter-assay coefficients for corticosterone and ACTH were 3.9 and 7.4%, respectively. Values were expressed as ng/ml and pg/ml for corticosterone and ACTH, respectively. The corticosterone content of the fetal adrenals was measured by radioimmunoassay (RIA) using a commercial kit (Coat-a-Count Rat Corticosterone kit; Siemens Healthcare Diagnostics, Plainfield, IN, USA) following the manufacturer's instructions. The inter-and intra-assay coefficients were 5.7 and 6.3%, respectively. Values were expressed in ng/mg of gland. The aldosterone content in the fetal adrenals was measured by RIA using a commercial kit (Coat-a-Count Aldosterone kit PITKAL-5; Siemens Healthcare Diagnostics) following the manufacturer's instructions. The inter-and intra-assay coefficients were 3.9 and 4.1%, respectively.
RNA extraction and quantitative RT-qPCR analysis.
Reverse transcription coupled with quantitative PCR (RT-qPCR) was used to evaluate daily mRNA expression and to validate the microarray data. Total RNA from fetal and adult adrenals was extracted using SV Total RNA Isolation System (Promega, Fitchburg, WI, USA) according to the manufacturer's instructions. Total RNA was reverse transcribed at 37°C in a reaction mixture that contained 2.0 μl of random primers ( To check for specificity, the primer pairs were aligned against the rat genome using BLASTN 2.2.27 (http://blast.ncbi.nlm.nih. gov/Blast.cgi). Primer sequences, annealing temperatures and amplicon lengths are provided in Table 1 . To confirm that a single PCR product of the expected size was obtained, the PCR products were analysed by agarose gel electrophoresis stained with SbyrSafe (Invitrogen). Then, PCR products were purified and sequenced to check for specificity. The efficiency for the qPCR primers used for this purpose ranged from 90 to 110%. RT-qPCRs were performed in final reaction volumes of 12 μl containing 7 μl KAPA SYBR FAST qPCR Master Mix (Kapa biosystems, Inc., Wilmington, MA, USA), 0.15 mM of each sense and antisense primer, PCR grade H 2 O and cDNA. The qPCR was carried out using a Rotor-Gene Q real-time platform (Qiagen, Valencia, CA, USA). Initial denaturation was performed at 95°C for 5 min, followed by 50 cycles of 95°C for 30 s, primer annealing (60-64°C) for 30 s and 72°C for 30 s. All the samples were amplified in duplicates using at least three mRNA concentrations (range 2.5-100 ng). Melting curve analysis was performed on each sample after the final cycle to ensure that a single product was obtained, and agarose gel electrophoresis J Physiol 596.23 Table 1 . RT-qPCR primers for genes studied Symbol was used to confirm that the single PCR product was of the expected size. Relative amounts of all mRNAs were calculated by the comparative Ct method (Livak & Schmittgen, 2001 ) using the equation 2 −Ct ; the 18S rRNA gene was used as housekeeping gene, similar to that reported by us previously ). We analysed not only 18S rRNA and Hprt1, but also Oxct1 and Gadph. Among them, 18S was the best housekeeping gene for the fetal adrenal sample set. Indeed, the transcript encoding for Hprt1 RNA was also validated by qPCR, but displaying a fold change markedly higher than the one found by microarray.
Gene expression profiling in fetal adrenal glands.
Sample processing and microarray hybridization were performed by an external Core Facility, the 'KFB -Centre of Excellence for Fluorescent Bioanalytics' (Regensburg, Germany; www.kfb-regensburg.de). Affymetrix Rat Gene 2.1 ST GeneChip arrays (representing 28,000 rat genes) were used. All array data were normalized using Robust Multi-array Average (RMA) (Irizarry et al. 2003) with the Expression Console software (Affymetrix, Santa Clara, CA, USA). RMA utilizes the probe set annotation provided by Affymetrix to identify genes directly from the Celestia (CEL) files. Genes that were significantly up-or down-regulated were identified using the Transcriptome Analysis Console software (TAC; Affymetrix, Santa Clara, CA, USA). Genes differentially expressed between experimental groups were determined using an ANOVA and a P value <0.05 (one-way between-subject unpaired ANOVA). For functional genomics analysis of differentially expressed genes, ingenuity pathways analysis (IPA) was used as described previously Spichiger et al. 2015) . As mentioned, we used the same RNA samples from the microarray analysis to perform the RT-qPCR validation assays. To achieve high stringency, we set analysis parameters to 700 permutations, while Delta was set to 0.892 to result in false discovery rates (FDRs) less than 10%. The false discovery rate of a test is defined as the expected proportion of false positives among the declared significant results (reviewed in Pawitan et al. 2005) . Because of this directly useful interpretation, FDR is a more convenient scale to work on instead of the P value scale, when the number of point values in the whole data set is very large such as in microarray experiments. FDR values, z scores and P values were calculated by IPA software systems. A FDR threshold of 10% was used to predict that about one out of every 10 differentially expressed transcripts in the microarray might not have been validated by qPCR. This figure agreed well with the results obtained for the 16 mRNAs analysed displaying differential expression in both the microarray and RT-qPCR. There was a highly significant correlation between the microarray and RT-qPCR data (r 2 = 0.9151) (Fig. 1) .
Statistical analysis
To assess the individual daily rhythm of corticosterone and ACTH, data at each clock time from each individual rat were fitted to a theoretical cosine function to calculate hour of acrophase and correlation coefficient of the function (r 2 ). Concentration means over 24 h were calculated for each individual. In addition, mean clock time data in each group were analysed by one-way ANOVA for repeated measures and post hoc test to determine clock time differences in concentration. To assess 24 h changes in relative gene expression (clock genes/steroidogenic genes/transcription factors and receptors) in adult offspring adrenals and fetal adrenals, mean data for each clock time were fitted to a theoretical cosine function to calculate hour of acrophases, and correlation coefficients and 24 h mean expression were calculated for the group. To determine clock time changes within a group we used one-way ANOVA and Tukey's test; to compare data between LD and CPS groups we used two-way ANOVA with Bonferroni multiple comparison tests. Mean 24 h values of relative gene expression, between LD and CPS adrenals, were compared by Student's t test. Correlation between changes in expression in the microarray and RT-qPCR data; the best-fit linear regression line is shown (P ˂ 0.0001, n = 6). There was a highly significant correlation between the microarray and RT-qPCR data (r 2 = 0.9151). However, the expression of only nine CPS genes statistically differed from that of LD (Ceacam1, Fgfbp1, Pkib, Nr4a1, Dbp, Insig1, Crem, Hmgcs1 and Ppard. Interestingly, three of these genes (Pkib, Crem and Nr4a1) are strongly related to the ACTH response/cAMP pathway; Nr4a1 (or Nurr77) has been described as a relevant transcription factor involved in the downstream response to ACTH. Moreover, in line with the IPA results, the Insig1, Hmgcs and Ppard genes are related to lipid metabolism and steroid biosynthesis. Transcription rate was assessed in the same RNA samples used for microarray hybridization (i.e. obtained from the LD or CPS fetal adrenals). y-axis units are 2ˆ-Ct for qPCR.
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Adult adrenal morphology and RT-qPCR data for microarray validation were expressed as means ± SEM. Significant differences between LD and CPS were assessed by Student's t tests. Correlations between the microarray data and RT-qPCR data were calculated with best-fit linear regressions to determine the r 2 coefficients. Statistical analyses were performed using GraphPad Prism version 6.01 for Windows (GraphPad Software, San Diego, CA, USA). Results were considered significant when P was ˂0.05. All the tables contain the information regarding the statistical methods used.
Results
Gestational chronodisruption induces long-term effects in adult offspring
As described previously, since day 19 of gestation and after birth, the mothers and their pups were maintained in the regular photoperiod schedule (12 h:12 h, lights on at 07.00 h). The male offspring were separated and studied at 90 days of age (Cohort 1). Both groups showed similar food consumption between weaning (21 days old) and 90 days of age (LD: 31.68 ± 0.64 g/day, n = 26 vs. CPS: 32.91 ± 0.77 g/day, n = 32; P = 0.25 unpaired t test); however, CPS offspring were slightly heavier (LD: 531.3 ± 8.7 g, n = 26 vs. CPS: 584.5 ± 10.5 g, n = 32; P < 0.05 unpaired t test).
To assess the biological effects of gestational chronodisruption on the animals, we carried out a series of neurobehavioural tests related to anomalous responses to stress/anxiety. In each experimental group, we performed all of the tests in the morning and in the evening. Given that no differences were found between morning and evening testing, we grouped all of the data as one experimental set. First, the animals were challenged using an open arm maze, which is a well-known test to evaluate stress/anxiety. We found a decrease in the time spent in the open arm zone (LD: 59.0 ± 11.7 s vs. CPS: 37.56 ± 7.3 s; P < 0.05 Student's t test) and an increase in the rearing time (LD: 11.8 ± 1.7 s vs. CPS: 18.2 ± 2.6 s; P < 0.05 Student's t test) of the CPS offspring ( Fig. 2A and B, respectively) . Also consistent with increased anxiety, trials in the Morris water maze showed a different temporal profile of latency time in CPS offspring compared with LD offspring. CPS spent less time than LD to reach the platform on day 1, but in contrast to controls, this latency time was maintained between days 1 and 2, resulting in a larger latency time than LD on day 2. No significant differences in time to reach the platform were found for the control and CPS groups from days 3 to 5 (Fig. 2C) . Altogether, CPS adults displayed anomalous responses to stress/anxiety. Given that adrenal glucocorticoid secretion is crucial for a stress response, the previous findings suggest the potential role of the adrenal gland in the effects observed. Therefore, we further explored the effects of gestational chronodisruption on adult adrenal function.
Control (gestated in a normal 12 h:12 h photoperiod) and CPS (gestated under chronodisruption) adult rats displayed significantly different daily rhythms of plasma corticosterone. Control rats showed synchronized daily plasma corticosterone rhythms with individual acrophases between 20.00 h and 01.00 h (Fig. 3A, left panel) , while the daily rhythm of the mean data fitted a synchronized daily rhythm (acrophase: 21.87 ± 1.02 h; r 2 : 0.31; P < 0.05 Pearson's r) and display clock time differences (08.00 h ࣔ 20.00 h; F (5,26) = 3.31; one-way ANOVA and Tukey's test), as has been described in other studies Data are means ± SEM. † Different from LD (P < 0.05, Student's t test). # Different from day 1 (P < 0.05, one-way ANOVA and Tukey's test). * Different from LD on the same trial day (P < 0.05, two-way ANOVA and Bonferroni). (Fig. 3A , right panel; reviewed in Oster et al. 2016) . In contrast, the acrophases of the individual plasma corticosterone daily rhythms of CPS offspring were broadly distributed around the clock (between 02.00 and 23.00 h, Fig. 3A , left panel), thus the average data did not fit a synchronized daily rhythm (Fig. 3A , right panel) (see also Mendez et al. 2016) . Of note, no significant changes were found for plasma corticosterone 24 h mean between LD and CPS offspring (LD: 140.2 ± 39.8 ng/ml; n = 6 vs.
CPS: 121.5 ± 11.3 ng/ml, n = 6; P = 0.43 unpaired t test). Next, we evaluated whether gestational chronodisruption potentially modified the ACTH daily rhythm, an extrinsic regulator of corticosterone. Six control and five CPS adult rats displayed individual daily plasma ACTH rhythms with acrophases during the first half of the night (Fig. 3B, left  panel) . However, a daily rhythm pattern was not detected in the mean data likely due to masking by ACTH pulses as has been reported in other studies (Russell et al. 2015) .
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Figure 3. Effect of gestational chronodisruption on plasma corticosterone and ACTH daily rhythms and in vitro adrenal corticosterone response to ACTH at 90 days of age
A, daily rhythm of corticosterone. Left, corticosterone acrophase distributions of individual animals; samples were collected every 4 h from the tail starting at 08.00 h (LD: n = 6, filled circles; CPS: n = 6, open circles). Right, temporal changes in plasma corticosterone (means ± SEM; per clock time). B, daily rhythm of plasma ACTH. Left, ACTH acrophase distributions of individual animals; samples were collected every 4 h from the tail starting at 08.00 h (LD: n = 6, filled circles; CPS: n = 6, open circles). Right, temporal changes in plasma ACTH (mean ± SEM; per clock time). Continuous lines represent the theoretical cosine function (LD corticosterone, r 2 = 0.3657). Shaded bars represent lights off. * Different from LD (P < 0.05, two-way ANOVA and Bonferroni). C, effect of 10 or 100 nM ACTH on corticosterone production by cultured rat adrenal (n = 6/clock time per experimental group). Adrenal quarters obtained at 08.00 h, preincubated from 09.00 to 15.00 h, and then treated during the afternoon-early night-time interval (PM). Adrenal quarters obtained at 20.00 h, preincubated from 21.00 to 03.00 h, and then treated during the late night-morning time interval (AM). * Different from basal concentration (P < 0.05, ANOVA and Newman-Keuls test); # different from AM response (P < 0.05, two-way ANOVA with Bonferroni correction).
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In addition, no significant changes were found for the plasma ACTH 24 h mean between LD and CPS offspring (LD: 9.3 ± 0.7 pg/ml vs. CPS: 8.3 ± 0.9 pg/ml; P = 0.39 unpaired t test).
In vitro we evaluated corticosterone responsiveness to ACTH at two clock time points, AM and PM, since changes in the stimulatory effect of ACTH on adrenal gland are clock time dependent (Richter et al. 2008) . ACTH stimulated corticosterone production in adrenal explants from the control offspring (between 1.5-fold at AM and about 2-fold at PM, Fig. 3C ), but no stimulation was found in the adrenal glands from CPS offspring (Fig. 3C) either at AM or PM time. Therefore, in vitro responsiveness to ACTH was defective in CPS offspring. In addition, the combined adrenal weights of CPS offspring were significantly lower than those measured in control individuals (LD: 72.54 ± 2.63 mg, n = 26 vs. CPS: 64.03 ± 1.837 mg, n = 31; P < 0.05 unpaired t test). Since body weight was significantly different between LD and CPS, adrenal weight was adjusted to body weight and still remained different (LD: 0.137 ± 0.005, n = 6 vs. CPS: 0.106 ± 0.004, n = 7; P < 0.05 Student's t test).
Subsequently, we explored whether the differences in the adrenal endocrine and morphological features imposed by gestational chronodisruption could have been derived from differences in gene expression. First, we investigated effects on the adrenal core clock gene machinery. Overall, for the control adult offspring, we found that expression of the core clock genes (Bmal1, Cry1, Cry2, Per2 and Reverbα/Nr1d1), expression of the enzymes involved in steroid synthesis, and expression of the nuclear and melatonin receptors followed a daily rhythm and had acrophases similar to those previously reported ( Fig. 4 ; Table 2 ). Additionally, as shown in the heat-map (Fig. 4A) , the adrenal gland clock gene expression was maintained in CPS offspring. Despite this, differences were found among control and CPS offspring in terms of the timing of expression of key genes involved in glucocorticoid synthesis (Cyp11a1, Hsd3b1, Cyp21a1, Cyp11b1, Hsd11b1 and Hsd11b2; Fig. 4A ). Only two steroidogenic enzymes (Star and Cyp11b2) from the adrenal glands of CPS offspring followed a daily rhythm. In addition, we found a lack of rhythmic patterning in the expression of other factors involved in ACTH responsiveness of CPS individuals, including the expression of the glucocorticoid receptor Nr3c1/Gr and the repressor transcription factors Nr0b1/Dax1, SF1 and early growth response 1 (Egr1) (Fig. 4A) . In contrast, we found an increase in the global expression (as a 24 h mean) of Hsd11b1, Hsd11b2 and the glucocorticoid receptor in the CPS offspring (see Table 2 for details). Further differences were found between the control and CPS offspring in terms of global methylation measured by 5-methylcytosine (5-mC) quantification; specifically, the global methylation of the adrenal glands of CPS offspring was lower than that of the control. To support these results, we did not find differences between the timing of measurements (at 10.00 and 22.00 h) (Fig. 4B ).
Early effects of gestational chronodisruption in fetal adrenal glands
The effects of prenatal chronodisruption on long-lasting changes in gene expression may be linked to fetal adrenal function. First, we investigated key fetal adrenal output, including hormone production. As previously reported, the content of corticosterone in the fetal adrenal gland follows a daily rhythm given a normal photoperiod, and opposite of that found in the mother: corticosterone levels peak during early morning (acrophase: 8.56 ± 0.10; R 2 0.37; P < 0.05 Pearson's r) and display clock time differences (08.00 h ࣔ 24.00 h; F (6,24) = 6.4; one-way ANOVA and Tukey's test; Fig. 5A ). In contrast, fetuses exposed to chronodisruption had blunt daily rhythms of corticosterone, though no significant differences were found in the 24 h means (LD: 63.9 ± 5.8 ng/gland vs. CPS: 57.4 ± 4.5 ng/gland; P = 0.39 unpaired t test). Aldosterone content was also altered by maternal exposure to CPS; increases in aldosterone that should have occurred during the early morning of day 19 of gestation were suppressed (Fig. 5B) . To determine if the rhythmicity of the selected molecular fetal adrenal components was modified by gestational chronodisruption, we measured the 24 h expression of core clockwork genes and steroidogenic genes (Fig. 6) . Previous studies have shown that clockwork genes and steroidogenic genes display daily rhythms in the rat fetal adrenal gland (Torres-Farfan et al. 2011) . In contrast, here, the CPS fetal adrenal circadian clock was markedly affected by gestational chronodisruption. In fact, clock gene expression in the CPS fetal adrenal did not fit a cosine function; rather, increases in expression were maintained and were related to clock time ( Fig. 6 ; Table 3 ). The only enzyme that showed daily rhythm was Hsd3b1, but its acrophase was separated by almost 10 h from those found in control fetal adrenal (LD: 23.74 ± 0.04 h vs. CPS: 13.9 ± 0.03 h; P < 0.05 unpaired t test).
Besides investigating pathways involved in steroid synthesis and clock gene machinery, we used a microarray-based approach to identify other potential fetal adrenal pathways affected by CPS. Comparisons of the global transcriptome of CPS and control fetal adrenal glands revealed that 1078 genes were differentially expressed. Of these, 641 genes were down-regulated and 437 genes were up-regulated in the CPS fetal adrenal glands. Identified using functional genomics analyses, the gene networks associated with the top up-and down-regulated genes were: Lipid Metabolism, Small Molecule Biochemistry and Inflammatory Response (score: 48, see Fig. 7A ); Cell-To-Cell Signalling and Interaction, Cell-mediated Immune Response, Cellular Movement (score: 22), Cellular Development, Nervous System Development and Function, as well as Tissue Development (score: 20). The canonical pathways with lower P values were related to cholesterol metabolism (Fig. 7B) .
Discussion
Activities that generate environmental pollution, including particulate matter, high-level noise and distorted lighting schedules (such as artificial light at night, shift-work, jet lag, etc.) have been linked to chronic disease (Bray et al. 2008; Sei et al. 2008; Leliavski et al. 2015; Stone, 2018) . Effect of gestational chronodisruption on temporal changes in gene expression and global methylation in adult adrenal glands at 90 days of age A, phase-sorted heat map of adrenal gland genes transcribed during a period of 24 h (LD: n = 28, n = 5/clock time, n = 3 at 04.00 h, left panel; CPS: n = 26, n = 4/clock time, at 08.00 h n = 6, right panel). Individual RNA samples were analysed using qPCR, and the means were analysed using a theoretical cosine function. Genes expressed in a circadian manner were plotted on a phase-sorted heat map (colours indicate min-max normalized relative expression, mean ± SEM of 2 −Ct : yellow, minimum expression; red, maximum expression). Shaded bars represent lights off. * Different from LD (P ˂ 0.05, two-way ANOVA and Bonferroni). B, AM-PM changes in adrenal DNA global methylation, from adrenal glands collected at 10.00 h (AM; LD n = 4 and CPS n = 5) and 22:00 h (PM; LD n = 5 and CPS n = 5). Results were expressed as means ± SEM. * Different from LD (P ˂ 0.05, two-way ANOVA and Bonferroni). the detrimental effects of non-communicable chronic diseases initiated early in life (Osmond & Barker, 2000; Fowden et al. 2006; Nathanielsz, 2006; Nuyt, 2008; Richter et al. 2016) . Specifically, maternal chronodisruption in murine models (pregnant rats exposed to chronic photoperiod shifts, CPS) affects metabolic and cardiovascular predictors of adult diseases and causes a disarray of the circadian system in adult offspring (Varcoe et al. 2011; Mendez et al. 2016) . Building on our previous findings (Mendez et al. 2012 (Mendez et al. , 2016 Vilches et al. 2014) , here we explored the developmental impact of gestational chronodisruption on in vivo adrenal biorhythms and function; tests were undertaken at endocrine, morphological and molecular levels.
In the present study we found that CPS adults displayed anomalous responses to anxiety since we found increased rearing time and also decreased time spent in the open arms in the elevated plus maze, a well-established behavioural test. These findings are consistent with the observed decreased latency time between adult CPS and control animals in the first day trial of the Morris water maze test. One other study from Ruan and colleagues found a similar effect to those found in CPS offspring: a delay in memory latency in a mutant mouse for Sort1. Furthermore, the authors describe the effect observed as being consistent with a hyperactive and anxiety behaviour, as Sort1 or Sortilin are involved in a number of mood disorders generated at hippocampal and cortex level (Ruan et al. 2016) . We have previously reported that maternal exposure to constant light affects spatial memory in the adult rat, an effect accompanied by changes in hippocampus expression of NMDA subunits and abnormal corticosterone levels (Vilches et al. 2014) . Indeed, glucocorticoids are key in hippocampal response to changes in photoperiod and impair spatial memory in rats and mice (Harrison et al. 2009; Fitzsimons et al. 2016) . Thus the present data show that CPS impairs spatial memory in the rat, where several mechanisms are most likely to be involved; however, the contribution of the alterations induced by CPS in adrenal function to abnormal responses in behavioural tests needs further studies.
Taken together, these results suggest that CPS offspring display increased anxiety-like behaviour compared to animals gestated under LD, which could lead to less ability to habituate to stressors. Permanent modifications to the stress-response capacity of CPS offspring might influence the onset of chronic disease. In fact, the adrenal gland has been shown to play a crucial role in the stress-response capacity of several other models used to study fetal programming (Dirven et al. 2017) .
Initiated during the fetal period, the adrenal gland is fully involved in stress and homeostasis responses in a myriad of physiological contexts. Thus, early and anomalous programming of the adrenal gland may play an important role in the development of diseases that A B . RNA samples were analysed using qPCR and the means were cosine transformed. Genes expressed in a circadian manner were plotted on a phase-sorted heat map (colours indicate min-max normalized relative expression, mean ± SEM of 2 −Ct : yellow, minimum expression; red, maximum expression). Shaded bars represent lights off. * Different from LD (P < 0.05, two-way ANOVA and Bonferroni). are prevalent in our modern society. We found that CPS offspring had smaller adrenals after adjusting for body weight, suggesting interference at some level in adrenal function. Sustaining rhythmic glucocorticoid secretions is an important adrenal function that is tuned to the LD cycle and acts as a synchronization signal for peripheral oscillators (Torres-Farfan et al. 2011; Mendez et al. 2012; Leliavski et al. 2015; Oster et al. 2016) . Importantly, altered glucocorticoid rhythmicity is frequently found in many diseases (Chung et al. 2011; Kalsbeek et al. 2012 ). Here we found that the lack of clock time-related changes in mean plasma corticosterone (also reported in CPS offspring; Mendez et al. 2016) was the result of a free-running corticosterone rhythm. Daily rhythms of corticosterone levels were found in every CPS individual albeit with acrophases randomly distributed throughout the 24 h. Thus, the corticosterone rhythms of the CPS offspring were uncoupled with the LD cycle. This uncoupling may occur at several levels but often starts with alteration of the SCN clock function and/or ACTH input to the adrenal. However, the rhythms expressed in the SCN itself and the regulation imposed by the SCN on peripheral oscillators in CPS animals seem to be intact because rhythms directly controlled by the SCN, such as core body temperature and locomotor activity, are maintained (Mendez et al. 2016) . On the other hand, although the daily pattern of plasma ACTH was similar in both CPS and LD offspring, the corticosterone response to ACTH was lost in explants from CPS adrenals, which is consistent with that found in another study conducted in vivo (Mendez et al. 2016) . A plausible explanation for this result is an uncoupling of the intrinsic adrenal capacities to maintain a daily rhythm of corticosterone (i.e. adrenal clock gene machinery) and regulatory factors involved in steroid synthesis (steroidogenesis enzymes and transcription factors and receptors). Indeed, our findings show that the core clock gene expression daily rhythm was retained in CPS adult adrenal glands. In addition, no differences were found between groups in the expression of genes closely linked to the circadian clock (Dbp and Reverbα). In contrast, in the steroidogenic pathway only one clock-controlled gene (Star) oscillated diurnally in CPS animals. Meanwhile the transcription factors (Egr1, Dax1 and Sf1) and glucocorticoid receptors involved in steroid synthesis were profoundly affected in CPS animals. These findings suggest that, at the molecular level, the uncoupling of adrenal corticosterone rhythms from SCN/ACTH regulation may be derived from changes in gene expression occurring downstream of the clock machinery itself. This being said, we cannot discard alteration of the autonomic nervous system, which would produce a lack of response to ACTH (Kalsbeek et al. 2012; Buijs et al. 2014) . Interestingly, some diseases linked to unsynchronized circadian rhythms in adult human and animal models (McHill & Wright, 2017; Morris et al. 2017; Murray et al. 2017 ) have been correlated with physiological alteration induced in offspring gestated in adverse prenatal conditions (Osmond & Barker, 2000; Fowden et al. 2006; Nathanielsz, 2006; Nuyt, 2008; Richter et al. 2016) . Changes in adrenal function have been proposed Mendez et al. 2012) . In support of this, we found low levels of corticosterone content in fetal adrenals together with changes in the expression of several key genes involved in adrenal clockwork and steroidogenesis (Mendez et al. 2012 ).
In the current study, microarray analysis revealed that many genes and functional pathways fundamental for fetal adrenal function were potentially altered during gestation. Additionally, CPS during pregnancy effectively disrupted fetal adrenal function and was associated with relevant changes in corticosterone and aldosterone content at gestational day 18. Interestingly, mRNA antiphase expression was lost for clock genes Per2 and Bmal1, which was similar to other in vitro studies we conducted where Per2 and Bmal1 antiphase expression was lost in culture but restored by melatonin pulses (Torres-Farfan et al. 2011) .
Although maternal melatonin was not measured in this study, using different models of maternal chronodisruption we observed that melatonin daily rhythm is decreased in the mothers and suppressed in their offspring (Mendez et al. 2012 (Mendez et al. , 2016 Vilches et al. 2014) . We propose that maternal melatonin suppression (transient during gestation in the days in which the animals were exposed to a long day; see protocol in Methods) and low fetal melatonin levels at 18 days of gestation (Mendez et al. 2012 (Mendez et al. , 2016 ) modified the expression level of clock-controlled genes, including those involved in steroid synthesis in the adrenal gland. It has been extensively reported that maternal melatonin suppression disturbs the circadian rhythm of clock gene expression in the non-human primate fetal SCN (Seron-Ferre et al. 2007) and in fetal rat peripheral clocks such as the adrenal gland, heart and hippocampus (Mendez et al. 2012; Galdames et al. 2014; Vilches et al. 2014) . Furthermore, the effects of melatonin suppression are extended to the newborn altering its mean body temperature and the synchrony of this rhythm with the external LD cycle (Seron-Ferre et al. 2013) . Of note, melatonin suppression during pregnancy by exposure to light at night or pinealectomy has been shown to have widespread negative outcomes in the adult offspring's health, inducing heart hypertrophy , decreasing glucose tolerance (Ferreira et al. 2012) and decreasing spatial memory (Vilches et al. 2014) . In all these experiments the altered phenotypes found in the offspring were reversed when the mother received a daily dose of melatonin during the subjective night. Therefore, it is possible that melatonin contributes to adult adrenal function through an epigenetic mechanism. Here we found that during the night CPS offspring had decreased global DNA methylation, suggesting that during the night some factors involved in DNA methylation were down-regulated in the CPS adrenal gland. We propose that the lack of melatonin imposed by gestational chronodisruption may play a role as an adrenal epigenetic modulator. In fact, melatonin has been shown to suppress senescence-associated gene expression in fetal lung fibroblasts via the acetylation of histone H2BK120 (Yu et al. 2017) . In addition, melatonin has been shown to regulate epigenetic modifications in cancer cells by both DNA methylation and histone protein remodelling (reviewed in Haim & Zubidat, 2015) . Nonetheless, it must be kept in mind that further maternal signals disrupted by CPS may contribute to the fetal programming of adult adrenal function.
In summary, the present results provide strong evidence pointing to the adverse effects of gestational chronodisruption on adrenal function and anxiety handling, and these negative effects persist to adult life. As such, this raises puzzling questions about the costs of shift work during pregnancy. Therefore, an enormous effort should be made by society to understand the mechanisms by which chronodisruption contributes to ever-growing metabolic pandemics.
